Background: Familial hypocalciuric hypercalcemia (FHH) is often due to inactivating variants in the calcium-sensing receptor (CASR) gene causing chronically elevated plasma calcium levels with inappropriately normal or elevated parathyroid hormone levels. In patients with primary hyperparathyroidism, the state of hyperparathyroid hypercalcemia is associated with reduced muscle strength and impaired quality of life (QoL). Objective: To study whether FHH affects muscle function, postural stability, and QoL. Design: In a cross-sectional study, we investigated muscle strength (handgrip, elbow flexion/extension, and knee flexion/extension), balance function, physical activity, and QoL in 50 patients with FHH and in a similar number of age-and gender-matched population-based healthy controls. All but one of the FHH cases had genetically verified inactivating variants in the CASR gene. Results: Studied subjects (nZ100, 68% females) had a mean age of 56.0 years. Muscle strength as assessed by measuring maximum force and maximum force production did not differ between the groups. Neither did groups differ in terms of QoL, physical activity, or postural stability, as assessed during normal standing with eyes open, normal standing with eyes closed, semi-tandem standing, or tandem standing. Adjustment for vitamin D status (plasma 25-hydroxyvitamin D levels) and BMI did not change results. Conclusion: Despite a state of chronic hypercalcemia, muscle strength, balance function, and QoL are not impaired in patients with FHH. Our findings are reassuring for patients with FHH as they should not be considered as having a severe disease.
Introduction
The calcium-sensing receptor (CaSR) was first described by Brown et al. (1) in 1993. Today, the receptor is known to be expressed by cells of many different tissues including the parathyroid glands, bone, kidney, and skeletal muscles (2) . Its major function is to sense small changes in plasma ionized calcium (Ca 2C ) concentration and to couple this information to intracellular signaling pathways that modify parathyroid hormone (PTH) secretion and renal cation handling (3, 4) . Lossof-function variants in the gene encoding the CASR on chromosome 3q are known to cause familial hypocalciuric hypercalcemia (FHH) type 1 (OMIN #145980). The condition is inherited in an autosomal dominant manner and causes an increase in the set point of the parathyroid glands, i.e. the plasma Ca 2C concentration at which PTH secretion is half-maximal (3, 5) . Accordingly, higher than normal plasma Ca 2C levels are necessary to inhibit the release of PTH, resulting in hypercalcemia associated with inappropriately normal or elevated plasma levels of PTH (hyperparathyroid hypercalcemia) (4) . The degree of hypercalcemia depends on how severely the variant affects the function of CaSR (6) . Similarly, in the renal tubules, calcium reabsorption is increased causing a relatively low renal calcium excretion (7, 8, 9) . Recently, similar phenotypes have been shown to be attributable to mutations in the G protein alpha 11 (Ga11(GNA11)) gene (FHH type 2) and adaptor protein 2 sigma 1 (AP2S1) gene (FHH type 3) with loci placed on chromosomes 19p and 19q respectively (10) . In rare cases, antibodies to the CaSR may also cause a FHH-like phenotype (11, 12) .
FHH is easily misinterpreted with milder cases of primary hyperparathyroidism (PHPT), which is usually treated by parathyroidectomy (PTX). However, in the case of FHH, PTX is not only unnecessary but also inappropriate, as it does not cure FHH-associated hypercalcemia (3, 9) . When FHH is not considered as an alternative diagnosis, failed PTX may lead to a suspicion of persistent PHPT with the risk of subsequent neck explorations, postoperative hypoparathyroidism, and recurrent laryngeal nerve palsy. Untreated PHPT is associated with an increased risk of renal calcifications, skeletal complications, and neuropsychological symptoms with a reduced quality of life (QoL) (13, 14, 15, 16, 17) . In addition, muscle strength and function is impaired in patients with PHPT but may improve following curative surgery (18, 19) . Whether the symptoms of PHPT are due to hypercalcemia, high PTH levels, or concomitantly low vitamin D levels has not yet been resolved (20, 21, 22, 23) . In contrast to PHPT, FHH is generally considered as an asymptomatic condition (24, 25) . However, except for studies on skeletal effects, detailed investigations on possible physiological consequences of FHH are lacking (24) . If hypercalcemia or elevated PTH levels cause a reduced muscular performance and/or an impaired well-being, patients with FHH may not be aware of this as the condition has been present throughout their life.
The aim of this study was to investigate whether FHH is associated with impaired muscle function and QoL compared with age-and sex-matched populationbased healthy individuals.
Subjects and methods

Design and participants
In a cross-sectional study, we compared 50 patients diagnosed with FHH with 50 sex-and aged-matched population-based controls. Exclusion criteria for both patients and controls were pregnancy, major medical or social problems suspected to influence study outcome including impaired renal function (plasma creatinine O125 mmol/l), malignancies diagnosed within the last 5 years or still requiring treatment (except for treated non-melanoma skin cancer or treated carcinoma in situ with more than 2 years since last therapy), untreated intestinal malabsorption, liver disease, active pancreatitis, or chronic drug or alcohol abuse. In addition, we excluded subjects on treatment with drugs that may affect the function of CaSR (lithium, strontium, and cinacalcet). Controls with known diseases in bone/ calcium homeostasis (except osteoporosis) were also excluded. The study profile is shown in Fig. 1 .
Recruitment of patients and controls
At our university Department of Endocrinology, we had information on 82 patients with FHH. Sixty-six patients had participated in previous studies from our group (21) whereas 16 patients were identified from subsequent family studies or they were new referrals. All except one patient had a genetically verified diagnosis (Fig. 2) . In one patient, gene analysis only showed a p.R990G variant in the CASR gene, which is now considered as a common variant not associated with FHH (6, 26) . However, as the patient had hypercalcemia with elevated PTH levels and a low calcium:creatinine clearance ratio (CCCR) as well as an offspring with hypercalcemia, this patient was considered as having FHH. The patient has not yet been studied for variants in other possible genes. Of the identified 82 patients, two had died and one had immigrated leaving 79 potential patients for the study of whom 26 were index patients. The gene variants present in this study are summarized in Table 1 . Potential participants were invited by letter with a reminder to non-responders (nZ17). Among 70 responders, 58 accepted to participate. Subsequently, two were excluded because of pregnancy, three because of cancers, two because of chronic disabling diseases, and one due to treatment with lithium.
We recruited controls through direct mailings to a random sample from the general background population, i.e. using the Danish Civil Registration System, a random list of males and females living in the area of our University Hospital was retrieved. For each participant with FHH, an invitation letter was sent to 5-10 age (G2 years)-and gender-matched controls. Among 749 invited controls, 246 accepted. Subsequently, six were excluded and 50 were randomly selected to be age and sex matched with cases ( Fig. 1 ). All participants gave verbal and written informed consent. The study was conducted according to the Declaration of Helsinki II. The study was approved by The Central Denmark Region Committees on Health Research Ethics (#M-2010-0296) and notified to The Danish Data Protection Agency (#2011-41-5733).
Biochemistry
We drew fasting blood samples after 1 h of bed rest. In addition, participants collected a 24-h urine sample. Samples were analyzed or frozen immediately at K80 8C until analyses.
Plasma levels of calcium and creatinine were determined by standard laboratory methods using Roche/Hitachi Cobas systems (Roche Diagnostics GmbH). Creatine kinase (CK) was measured using a NADPH-generated catalytic reaction on an automated instrument (Cobas 6000, Roche Diagnostics GmbH). Plasma levels of 25-hydroxyvitamin D (25OHD) were analyzed by isotope dilution liquid chromatographytandem mass spectrometry (27, 28) . This method quantifies both 25OHD2 and 25OHD3 and total 25OHD. Calibrators traceable to NIST SRM 972 (Chromsystems, Mü nich, Germany) were used. Coefficient of variance (CV) values for 25(OH)D3 were 6.4 and 9.1% at levels of 66.5 and 21.1 nmol/l, and for 25(OH)D2, the CV values were 8.8 and 9.4% at levels of 41.2 and 25.3 nmol/l respectively. We measured plasma intact PTH using a second-generation electrochemiluminescent immunoassay on an automated instrument (Cobas 6000, Roche Diagnostics GmbH). The lower limit of detection of the assay is 0.127 pmol/l, with a total imprecision of 3.3 and 2.7% at PTH levels of 3.7 and 26.6 pmol/l respectively. Plasma CCCR was calculated as (24-h urinary calcium/plasma calcium)/(24-h urinary creatinine/plasma creatinine).
Genetics FHH patients were characterized by molecular genetic analysis of the CASR gene as described previously (6, 29) . Sequences were aligned to GenBank reference sequence NM_000388.2. Findings were confirmed in a second analysis on separately drawn blood. The nomenclature of the sequence variants follows the current guidelines (30) .
Muscle and balance function tests
We measured the maximal isometric muscle strength as maximal force in Newton (N) and maximal force production in Newton per second (N/s) of handgrip, elbow extension/flexion, and knee extension/flexion at the dominant hand side using an adjustable dynamometer chair (Good Strength, Metitur Ltd., Helsinki, Finland) (31) . Handgrip strength was measured by a dynamometer handle fixed to the arm of the chair. Elbow extension and flexion strengths were measured with the elbow in a neutral position at an angle of 908 and with the forearm supported and the wrist attached by a belt to the dynamometer. Knee extension and flexion strengths were measured at an angle of 608 and 908 from the fully extended leg toward flexion. The ankle was fastened 5 cm above the lateral malleolus by a belt to the dynamometer and the thigh supported with another belt. The trunk was fastened with three belts to avoid transferring strength from other muscles to the measurements. We repeated the exercises three times with an inter-trial rest of 30 s. The best of the three results was used.
We assessed balance function in terms of postural stability using an equilateral triangular force platform connected to a stadiometer (Good Balance, Metitur Ltd.) (32) . The platform is divided into a coordinate system with medial-lateral and anterior-posterior axes. The platform generates a center of pressure from a person, and any movements or sway will result in changes along the axes. These changes are expressed as velocity moment (mm 2 /s), which gives an evaluation of the postural stability, i.e. the smaller the velocity moment, the better the postural stability. The effect of body height and vertical location of the center of body mass were adjusted for by the formula: (velocity moment/(height in cm) 2 )!180 2 . The measurements were performed Table 1 Variants of the CASR gene present in the study.
Nucleotide variant
Predicted amino acid n
FHH effects on muscle function and QoL 351 during four different exercises with the participants standing on the platform with arms along the side: i) normal standing with 20 cm space between the feet and eyes open; ii) similar, but with eyes closed; iii) semitandem position with the heel of the first foot on the side of the first toe on the second foot; and iv) tandem position with the first toe on the back foot touching the heel of the fore foot. In this way, the test was started with the easiest and then advancing to more difficult exercise. Each trial of 20s was repeated three times, and the best result was used for analyses. Physical function was further evaluated using two simple tests combining physical strength, balance, and coordination. Using the Timed Up and Go (TUG) test, we measured the time a subject used to stand up from sitting in a chair, walk 3 m, turn around, walk back, and sit down. The subjects were not allowed to use their arms when raising form the chair (33, 34) . In Repeated Chair Stands (RCS) test, we measured the time for ten consecutive repeated chair raises without use of arms. Participants were encouraged to perform the task as quickly as possible. In both tests, the fastest time (best performance) of two trials was used for analysis (33, 35) .
Questionnaires
We assessed physical activity using a validated physical activity scale (PAS) questionnaire consisting of nine activity categories with increasing intensity (36) . Each category represents a defined value expressed in metabolic equivalents (METs). The participants filled in how much time they used according to each category on an average day. By adding the METs from the different categories of activities, the total amount of physical activity was estimated. We stratified data between workers and non-workers. Non-workers included participants who are retired, unemployed, and students.
We assessed QoL using the Short Form 36 Health Survey version 2 (SF36v2), a highly validated questionnaire consisting of 36 questions grouped into eight health concepts (physical functioning, role limitation caused by physical problems, bodily pain, general health perception, vitality, social functioning, role limitation caused by emotional problems, and mental health), which together form a mental component summary (MCS) score and physical component summary (PCS) score. The scores were calculated to norm-based values (17, 37) . In addition, we assessed well-being of our participants using the WHO-5-Well-Being-index (WHO-5), which is a short screening questionnaire for the detection of depression with five questions with six answer options for each question. According to the answers, a summary score is calculated in which 0 is worst thinkable wellbeing and 100 is best thinkable well-being (17, 38) .
Using interviews and a general questionnaire, we collected information on participants' health and lifestyle habits in terms of known disease, drug treatment, daily intake of dairy products, smoking habits, alcohol intake, use of vitamin supplements, and for women menopausal status. Daily dietary calcium intake was estimated as (350C(150!'glasses of milk')C(200!'slices of bread with cheese')C(250!'dairy product servings')) (39) . Scale body weight was measured in light indoor clothes and height was measured without shoes using a stadiometer. BMI was calculated as weight (kg) divided by the square of height (m).
Statistical analysis
Prior to study, we performed sample size calculations showing that 25-30 participants were needed to be included in each group in order to show a mean difference between groups of 40Newton in leg strength (bZ0.20, aZ0.05). We assessed differences between groups using c 2 test for categorical variables. For continuous variables, we tested differences between groups using a two-sample t-test or Mann-Whitney U test, as appropriate according to the distribution of data. Correlations were assessed by Pearson's or Spearman's correlation coefficients, as appropriate. We used a general linear regression model to adjust for differences between groups. Results are reported as meanGS.D. or as median with interquartile (25 and 75% percentiles) ranges, as appropriate according to the distribution of data. A P value !0.05 was considered statistically significant. We used IBM SPSS Statistics version 20 (IBM) for statistical analyses. Table 2 . Our participants had a mean age of 56 (range 18-85) years and 68% were females. Patients and controls were comparable regarding height, weight, BMI, smoking, use of drugs, and use of vitamin D supplements. Use of calcium supplement was more common among controls than in the FHH group (PZ0.05), but total intake of calcium did not differ between groups ( Table 2) .
Results
Characteristics of included participants are shown in
As expected, FHH patients had significantly higher plasma levels of ionized calcium (P!0.01) and PTH (PZ0.02) than controls, whereas CCCR was lower in FHH than in controls (P!0.01). Creatinine clearance and plasma levels of creatinine, CK, and 25OHD did not differ between groups (Table 2) .
Muscle and balance function
The proportion of participants who reported a feeling of muscle fatigue or difficulties in climbing stairs or rising from a chair without support did not differ between patients with FHH and the controls ( Table 2 ). Maximum muscle strength as assessed by measuring maximum force and maximum force production at the seven different muscle groups/positions did not differ significantly between FHH cases and controls (Table 3) . Stratification by sex showed, however, a higher maximal force at knee flexion 608s (PZ0.02) in male FHH patients compared with their matched controls ( Table 3) , but this was not significant after adjusting for BMI and plasma 25OHD levels (PZ0.06).
Overall, plasma Ca 2C did not correlate with maximum force or maximum force production in any of the investigated muscle groups and this was not changed by adjusting for age, sex, and BMI. Plasma PTH levels correlated borderline significantly with muscle force at knee flexion 608s (rZ0.19 PZ0.06), but not at any of the other investigated muscle groups. The association became significant after adjustments for age, sex, and BMI (rpZ0.29, PZ0.005). In bivariate correlation analyses, plasma PTH levels did not correlate with maximum force production at any of the muscle groups. However, after adjusting for age, sex, and BMI, plasma PTH levels correlated inversely with elbow flexion (rpZK0.152, P!0.05), knee flexion 908s (rpZK0.141, P!0.05), and knee extension 908s (rpZK0.112, P!0.01) ( Table 4 ).
Overall or stratified by sex, postural stability did not differ between FHH patients and controls (Table 5) . Adjustment for plasma 25OHD, PTH, and BMI made no differences (data not shown). In normal standing with closed eyes, plasma PTH correlated with velocity moment (rpZ0.21, PZ0.034) but neither plasma Ca 2C nor plasma PTH correlated with postural stability at any of the other positions even after adjustments for age, sex, and BMI. There were no differences between groups in the TUG test or the RCS test. Stratification by gender or adjustment for PTH, BMI or 25OHD did not change the results (data not shown).
Physical activity
The PAS showed no significant differences between groups. Stratification by working status did not change the results (data not shown). 
Quality of life
As shown in Fig. 2 , QoL as assessed by the SF36v2-and WHO-5 index questionnaires did not differ significantly between FHH patients and their matched controls, except that the vitality score was borderline significantly lower in the FHH patients (PZ0.08). However, mental and PCSs did not differ between groups.
Discussion
In a cross-sectional study, we found no evidence to support that FHH is associated with decreased muscle function, an impaired postural stability, or a reduced QoL despite chronically elevated plasma levels of Ca 2C and PTH. Accordingly, in contrast to patients with hypercalcemic hyperparathyroidism due to PHPT, mildly elevated plasma levels of calcium and PTH do not seem to compromise physiological functions in patients with FHH. Our findings are in contrast to the study by Law et al. (24) , suggesting that FHH patients may have some muscle weakness and lack of pep and energy. In this study, we rather found an opposite tendency. We investigated muscle function as objectively as possible, and when asking directly for muscle weakness, the proportion of FHH patients reporting such symptoms did not differ from the proportion in the group of controls. The activity scale used by us is well validated (36) and may be a better tool to assess activity than a few simple questions on muscle weakness and sense of pep and energy as used in the study by Law et al. (24) .
Skeletal muscle expresses the CaSR (40) as well as receptors for PTH (41) and vitamin D (42) . The precise function of the CaSR in skeletal muscle cells has not yet been elucidated. However, in patients with FHH, the CaSR function is probably impaired in all tissues, including muscles. Accordingly, the post-receptor signaling in muscles may be normal despite elevated plasma Ca 2C levels. Nevertheless, it seems likely that the abnormal high extracellular Ca 2C concentration in FHH may affect physiological processes directly through an altered chemical or electrophysiological gradient. The lack of effects of hypercalcemia in FHH on muscle performance in this study suggests, however, that these mechanisms are of limited influence. In contrast, hyperparathyroid hypercalcemia in patients with Table 3 Maximum force and maximum force production. Median with interquartile (25 and 75% percentiles) range.
Maximum force (N)
Maximum force production (N/s) PHPT has been associated with muscular weakness in several studies, although the mechanism of action causing such symptoms is unknown (16, 18, 43) . Our findings may suggest that CaSR is involved in some of the adverse physiological effects of hypercalcemia. In patients with acquired hypercalcemia due to PHPT, the CaSR is not 'insensitive' to the hypercalcemia as in patients with FHH. Accordingly, the muscle impairment and reduced QoL often encountered in patients with PHPT may (hypothetically) be due to an enhanced postreceptor signaling in affected tissues caused by the acquired state of hypercalcemia, whereas such adverse effects of hypercalcemia do not occur in patients with an inactivating mutation in the CASR gene. If so, it may be that elevated PTH levels are of minor importance to the symptomatology of PHPT. Whether intracellular calcium concentration differs between FHH and PHPT is currently unknown. Further studies including tissue biopsies are needed to clarify this.
Although it may seem that plasma PTH levels are of less importance than plasma calcium levels to muscle function, our findings do support an effect of PTH on muscle function and that PTH may affect muscle force (N) and force production (N/s) differentially. Compared with their controls, male FHH patients had a borderline significantly better muscle force at knee flexion 608s, and in the entire group of studied subjects, muscle force at knee flexion 608s correlated positively with plasma levels of PTH. On the contrary, plasma PTH levels were inversely associated with maximum force production in the entire group of studied subjects, after adjustment for age, sex, and BMI. Accordingly, PTH may improve muscle force, although it reduces the speed by which the force is attained. However, it should be noted that these findings were not present in all investigated muscle groups. Further studies should aim to assess whether PTH affects muscles in such a manner or whether our observations are random findings due to the large number of tests performed.
Further studies on patients with PHPT should also aim at investigating whether muscle weakness is caused by hypercalcemia per se or rather is attributable to elevated plasma PTH levels (23) , vitamin D insufficiency (20) , or an increased BMI (44) . In our study, plasma 25OHD levels and vitamin D intakes were similar in FHH cases and controls. We could therefore not explore the effects of altered vitamin D status on muscle function in our patients.
In addition to muscular impairment, QoL has been reported to be reduced in patients with PHPT but may improve following surgical cure (15) . We did not find evidence of a reduced QoL in patients with FHH. Interestingly, in a previous study from our group, we investigated QoL in a group of patients with prior PHPT, who had been surgically cured w7 years before the investigation (17) . The former patients had an impaired QoL as assessed by the SF36v2 questionnaire compared with a group of age-and gender-matched controls, indicating that abolishment of hypercalcemia did not result in a full regain of QoL. In this study, lifelong hypercalcemia was not associated with an impaired QoL. Accordingly, further studies are needed to resolve whether mild-to-moderate hypercalcemia actually affects QoL.
Strengths and limitations to study
The major strength of this study is the uniform program of investigation applied to all participants according to a predefined protocol. Furthermore, FHH patients were well matched with controls recruited randomly from the general background population. In most cases, patients and controls were investigated within 3 weeks avoiding seasonal variations in 25OHD. All investigations were carried out by trained personnel.
Regarding FHH patients, all except one had genetically verified variants in the CaSR explaining their hypercalcemia. The controls may contribute to some uncertainty because recruitment of healthy volunteers may involve selection bias, i.e. in the muscle investigations, there may be some potential inaccuracy caused by difference in motivation when measuring maximal strength. Using the best of three measurements, we aimed at reducing this bias.
In conclusion, inactivating variations in the CASR gene in patients with FHH are not associated with impaired muscle function or a reduced QoL as seen in patients with hyperparathyroid hypercalcemia due to PHPT. Our findings are reassuring for patients with FHH as they should not be considered as having a debilitating disease.
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